Laser polishing (LP) is an emerging technique with the potential to be used for post-build, or in-situ, precision smoothing of rough fatigue-initiation prone surfaces of additive manufactured (AM) components. LP uses a laser to re-melt a thin surface layer and smooths the surface by exploiting surface tension effects in the melt pool. However, rapid resolidification of the melted surface layer and the associated substrate thermal exposure can significantly modify the subsurface material. This study has used an electron beam melted (EBM) Ti6Al4V component, representing the worst case scenario in terms of roughness for a powder bed process, as an example to investigate these issues and evaluate the capability of the LP technique for improving the surface quality of AM parts. Experiments have shown that the surface roughness can be reduced to below Sa=0.51 µm, which is comparable to a CNC machined surface, and high stress concentrating defects inherited from the AM process were removed by LP. However, the re-melted layer underwent a change in texture, grain structure, and a martensitic transformation, which was subsequently tempered in-situ by repeated beam rastering and resulted in a small increase in sub-surface hardness. In addition, a high level of near-surface tensile residual stresses was generated by the process, although they could be relaxed to near zero by a standard stress relief heat treatment.
Introduction
Recent developments in metal powder-based additive manufacturing (AM) technologies have stimulated great interest in many industrial sectors. Selective laser melting (SLM) and electron beam melting (EBM) powder bed processes and laser metal deposition (LMD) blown powder techniques are now being widely explored to produce near net shape components for various applications in aerospace, defence, automotive, and medical implantation [1] [2] [3] [4] . By consolidating metallic powders layer by layer, laser and electron beam-based AM processes have opened up a new paradigm in near-net-shape manufacturing high value components with topographically optimised geometries, without the need for expensive tooling or extensive machining. The static mechanical properties (yield, tensile strength and ductility) of Ti6Al4V AM components are already comparable to those made from traditional wrought processes (e.g. forging) [5] . However, parts produced by powderbased AM techniques still suffer from a poor surface finish and internal defects ( Figure 1 (a), (b) and (c)) [6] . Without further machining and post-build treatments, such as hot isostatic pressing (HIPing), which adds additional cost this makes the quality of AM components currently insufficient for highly stressed applications that experience dynamic in-service loads (e.g. in aerospace). In addition, there are application driven aesthetic and functional requirements for surfaces: for example, a smooth surface with roughness Ra < 1.0 µm is often required in dental implants to prevent bacteria accumulation [7] , as illustrated in Figure 1 (d).
Figure 1
Example of the high surface roughness and typical subsurface defects found at the vertical build surface of an EBM powder bed Ti6Al4V sample; (a) SEM imaging of the as-built surface; (b) and (c) high resolution X-ray computed tomography (XCT) showing the surface with an intrusion defect (arrow) [6] ; and (d) an electrochemically polished dental implant.
Typically, a high microscopic roughness of Ra > 15 µm is obtained on AM parts produced by SLM, LMD and EBM [7] [8] [9] [10] [11] , but a roughness level of Ra < 0.8 µm is needed in many applications to avoid premature fatigue failure induced by surface stress concentrations [12] .
The roughness of a surface also varies considerably depending on its orientation within the build chamber. Generally the top surface of a powder bed AM part is the smoothest with the roughness mainly controlled by rippling from instability and surface tension effects in the melt pool tracks [12, 13] . In comparison, the vertical surfaces of an AM part typically have a higher roughness due to partially melted powder particles sticking to the outer edge of the melt pool in the contour pass (Figure 1 ), which is often referred to as 'satellite formation' [15] . Finally, the highest roughness is seen with overhanging surfaces where steps in layer height become apparent, leading to a 'stair case' appearance [16] . To tackle this problem, efforts have been made to adjust the shape of the laser beam, optimise the scanning strategy, or reduce the scanning step size and layer height, but such measures tend to reduce productivity and improvements in the as-built surface roughness are still far from satisfactory [10, 15, 17] .
Currently, the most common solution to achieving an adequate surface finish in AM is through CNC (computer-numeric-control) machining, or mechanical polishing [1, 2] .
However, it is often impossible to machine, or mechanically polish, a complex AM build due to limited accessibility, particularly for internal surfaces. Although alternative abrasive and chemical methods are being investigated, these all suffer from additional problems such as a lack of precision and shadowing [18, 19] . Therefore, it is important to explore more controlled approaches to achieve a satisfactory surface finish.
Laser polishing (LP) is an emerging technique that has shown potential to reduce the surface roughness of metal components [20] [21] [22] [23] . It uses a laser beam to re-melt a thin surface layer and subsequently smooths the surface roughness by exploiting surface tension in the melt pool ( Figure 2) ; i.e. it is most successful when the heat source is controlled to generate a high aspect ratio melt pool, in terms of width to depth. LP offers high flexibility and can potentially be used with a high process speed, but more importantly it can be precisely directed to locally 'engineer' surfaces, where required.
Heidrich et al. [24] have used laser polishing to successfully demonstrate the ability to reduce the roughness of ground glass surfaces to a level of Rms < 1 nm, which is sufficient for some optical applications. In comparison, with H13 tool steel Hafiz et al. [25] have reported an 86.7% reduction in areal roughness from laser polishing. By using a continuous wave Nd:YAG laser, Kumstel and Kirsch [23] claim reductions in roughness of machined Ti6Al4V surfaces from Ra = 1 µm to 0.16 µm and from Ra = 1 µm to 0.11 µm with Inconel 718. More recent studies of laser polishing of additive manufactured surfaces have also shown positive results. For example, Marimuthu et al. [20] have obtained a roughness reduction of 76% on SLM Ti6Al4V surfaces and Gora et al [9] achieved an 85% reduction with EBM Ti6Al4V components. Ma et al. [26] used a nanosecond pulse laser and successfully reduced the surface roughness by about 80% on two types of titanium alloy AM components. Bhaduri et al. [27] reported about a 94% reduction in surface roughness by using laser polishing on a mesoscale 316L AM surface. By combing selective laser erosion with laser polishing, Yasa et al [28] have also obtained an improvement in the smoothness of SLM 316L stainless steel surfaces of 90%. Laser polishing can also be incorporated in certain AM process, such as LMD, so that surfaces can be smoothed while the component is built, increasing access to internal cavities. Laser polishing thus has the potential to be highly beneficial for improving the functionality and performance of specialised AM components. Although very encouraging improvements in surface roughness have been achieved by laser polishing AM parts, to-date most of the literature has focused on process parameter optimisation and little has been published on the effect of re-melting and rapidly solidifying a thin surface layer on the local microstructure and residual stress state, and the subsequent mechanical properties of the subsurface region, which is often a critical site for failure initiation (e.g. by fatigue). In particular, for additive manufactured components used in aerospace applications, it is not only important to obtain smoother surfaces, but it is also essential to have full knowledge of any associated changes to the sub-surface microstructureto 'de-risk' new applications. To address this key issue, this study has used Ti6Al4V EBM samples, built under standard conditions, as an example to systematically evaluate the influence of laser polishing on the sub-surface microstructure, defects, texture, and residual stresses caused by re-processing the surface of a typical powder-bed titanium AM component.
In addition, we have also measured the improvement in surface roughness possible in more detail than previously, by obtaining data at multiple length scales.
Materials and Experimental
EBM AM samples, 30 mm × 7 mm × 50 mm (x, y, z), were built in an Arcam S12 EBM machine by GKN Aerospace, using standard recommended Arcam parameters and Ti6Al4V pre-alloyed plasma atomised powder feedstock, with a particle size distribution between 45 and 100 µm. Laser polishing was conducted on the larger vertical AM surfaces using an SPI redPOWER 100C system, based on a fibre laser with a wave length of 1070 nm. The laser power was set at 100 W, with a beam quality factor M 2 < 1.1. The optimum process window developed for laser polishing with this system, in terms of improved smoothness while avoiding solidification cracking, is provided in Table 1 (further details will be discussed in a separate article). Namely, the laser beam was defocused to a spot size of 400 µm in diameter and a scanning speed of 300 mm/min was used with a 30 µm line offset and a 'snaking' raster pattern. Argon gas was used to protect the surface from oxidation during LP processing. The surface roughness before and after laser polishing was measured by a Nanofocus µScan laser profilometer and at higher resolution by a Veeco Contour GT white light interferometer. To investigate the influence of laser polishing on the sub-surface material, both surface and cross sectional views were examined by scanning electron microscope (SEM), electron backscatter diffraction (EBSD) and transmission electron microscope (TEM). Hardness profiles from the re-melted layer to the base material were measured using an MTS-XP nano indenter with a Berkovich tip and 200 nm indentation depth. Site-specific TEM samples were produced using an FEI Quanta 3D dual beam focused ion beam (FIB) system. It is known that AM components contain subsurface porosity and defects [6] , which play an important role in their mechanical properties (Figure 1 ). 1.8 mm × 1.8 mm × 5 mm samples were therefore machined out of the laser polished EBM vertical surfaces and examined in a Zeiss Micro high-resolution X-ray tomographic system at the Henry Moseley X-ray Imaging Facility, using an accelerating voltage of 80 kV and 125 µA current to achieve a voxel size of 1.2 µm. Any defects present were segmented and visualised using the software package FEI Avizo 9.1.
As a surface undergoes highly localised heating and rapid cooling during laser polishing, for fatigue critical applications it is of interest to understand how this affects the surface residual stresses. Residual stress depth profiles were, therefore, measured in both as-built laser polished and stress relived AM parts, using the sin (2θ) method with a Proto iXRD diffractometer. For depth profiling material removal was achieved by electropolishing using a Struers LectroPol machine, with a designated Struers A3 electrolyte. Stress relief was performed at 750 °C for 4 hours followed by furnace cooling, all under vacuum to avoid surface contamination.  Table 2 , where Sa represents the arithmetic mean of the absolute value of the height within the sampling area. The calculation was in compliance with ISO 25178 standard (Geometrical product specifications (GPS) -Surface texture). As demonstrated in Table 2 , by applying laser polishing, when measured over a representative 2 mm × 3 mm area, the Sa parameter reduced from 21.46 µm to 5.5 µm; corresponding to a 75% reduction in roughness. This roughness level, measured after polishing, is competitive with the typical condition that can be expected from CNC machining [29] . It should also be recorded then dropped dramatically to Sa = 0.51 µm. As this smaller sampling area became similar to the β grain size, this suggests that the majority of short range roughness retained after laser polishing was related to surface relief between individual grains and grain boundary grooving generated during the solidification process. 
Results and Discussion

Surface Roughness Reduction
Grain Structure and Texture of the LP Layer
In α -β titanium alloys, analysis of the grain structure formed during solidification is complicated by the fact that solidification occurs with the growth of (bcc) β as the primary phase, which then transforms on cooling to a complex lamellar α +  or α', microstructure (see § 3.3 below). This makes direct analysis of the original solidification texture impossible in room temperature samples, although it can be reconstructed from EBSD data using a procedure based on the Burgers orientation relationship (BOR) between the two phases, which is given by:
Full details of the β phase reconstruction method that has been employed in this study can be found in the work from Davies and Wynne [28, 29] . In the  phase orientation map in Figure 5 (a) a memory of the parent β grains can be seen in the re-melted polished region, from the local texture variation. However, the prior  grain structure is much more apparent in the reconstructed  map, shown in Figure 6 (a). With
Ti6Al4V components built by the Arcam EBM machine it has previously been demonstrated [33] , that the bulk of a section in the hatching region generally contains a coarse columnar primary β grain structure with a <001>//Z fibre texture aligned with the build direction (Z),
although the fibre texture often shows evidence of not being fully random around the build direction and can have cube reinforcement. This texture develops because the steep thermal gradient at the solidification front in the EBM process favours columnar growth and <001> is the preferred growth direction in cubic metals. With a rapidly moving, elongated, shallow melt pool, after multiple layers it has been shown that this preferred growth direction is preferentially selected to align with build direction, because on average it gives the fastest growth rate at the solidification front when there is a forward and backward motion of the melt pool [32] .
In contrast, close to the vertical face of a EBM built part an outer skin layer of finer columnar grains is formed that nucleated from partially melted powder in the bed and grew curving inwards and upwards following the maximum thermal gradient at (i.e. normal to) the melt pool surface of the contour pass. The finer grained outer skin layer is typically about the half the width of the melt pool size for the first contour pass and repeated contour passes also tend to create a different coarser z-aligned columnar structure within the inner side of the contour tracks that and extends inwards by < 0.8 mm (see ref [33] ). In Figure 6 (a) it is apparent that grains in the re-melted layer have a different crystallographic orientation that is closer to <011>//Z while, as expected, the preferred orientation of grains in the substrate is predominantly <001>//Z. A finer band of grains can also be seen between the re-melted region and substrate, coinciding with the HAZ transition region, which is probably a remnant of the edge of the skin layer produced by the EBM processes. The re-solidified grain structure in the surface layer melted by laser polishing has clearly grown back epitaxially from the substrate, leading to a relatively coarse columnar grain structure (given the high cooling rate) that is slightly tilted over in the direction of melt pool travel (i.e. towards the right in Figure 6 (a)). It is not surprising that in laser polishing columnar growth with epitaxial nucleation is observed on solidification of the re-melted surface layer, given the steep thermal gradient that will be present at the solid liquid interface. As has been widely reported, there is also a strong tendency for similar grain structures to develop in AM with a Ti6Al4V alloy, owing to its low level of solute partitioning, which makes it difficult to obtain a significant constitution undercooling at the growth front [33] .
The pole figures in Figure 6 
Transformation of Microstructures
Perhaps more important than a subtle difference in surface texture, to the mechanical performance of a laser polished component, are any significant changes in the α + β transformation microstructure. In electron beam melting with an Arcam machine, the powder bed is pre-heated between adding each layer using a rapidly scanned defocused beam to maintain the bed temperature at around 730 °C, so that the thermal gradients experienced during the build are reduced [3] . This high build temperature can soak the component for several hours while it is being built, leading to a more homogeneous microstructure and low residual stresses. In the EBM process this normally results in a fine Widmanstätten  microstructure, which generally exhibits a certain degree of spheroidization of the retained  owing to the high build temperature and long build times [34] . Although a relatively large spot size is used in laser polishing (0.4 mm), as the substrate is cold and the power is controlled so a shallow wide melt pool geometry is produced, there will be a higher thermal gradient and cooling rate compared to in an EBM process, and equally no long term thermal exposure. The conditions are thus more similar to SLM [1] , which generally uses a cold bed, and the melted and annealed HAZ region during laser polishing must have therefore originally experienced a cooling rate substantially above 400 °C s -1 , which would be expected to produce a fully martensitic microstructure [35] . The results above thus suggest that the ′ martensite microstructure that initially formed during the first laser polishing pass must have subsequently decomposed to produce a very fine α + β lamellae structure, or a 'tempered' martensitic microstructure. A similar phenomenon has been reported by Xu et al [36] , who has investigated in-situ martensite decomposition during selective laser melting.
As mentioned above, the upper part of the HAZ below the re-melted layer will be fully reheated above the β transus temperature, so that the full β→α' phase transformation will occur below the fusion line down to the depth of the -transus isotherm (i.e. about 980 °C). In this study, a similar very fine α + β lamellae structure (shown in Figure 7 (b)) was therefore observed below the melt pool to a depth of 300 µm from the laser polished surface. Further below the surface in the HAZ transition region, where the peak temperature reached during LP was below the  transus, a narrow partially transformed region was observed, again consisting of fine α + β lamellae regions, transformed from the incompletely reformed β phase, combined with retained, relatively larger, primary α laths inherited from the EBM substrate material (shown in Figure 7 (d) and (e)). This mixed partially transformed microstructure existed in the depth range of about 350 -450 µm, but the volume fraction of the retained primary  laths increased with depth due to the falling peak temperature further below the heat source. Again, it was difficult to tell if the fine secondary α formed originally by a diffusional or martensitic reaction, but given the high cooling rate expected it would more likely be the latter. Below ~ 500 µm depth of the substrate material remained unaffected by the laser polishing process and had the typical Widmanstätten structure present in the EBM material (Figure 7 (f) ).
To confirm these observations, XRD was also performed on the top surface of LP region and compared with results from the as-built EBM substrate material using a Philips X'Pert system.
Despite clear evidence of surface relief from a displacive transformation (e.g. Figure 4 (d)) the diffraction (Figure 9 (a)) spectrum confirmed that the surface of the laser polished region contained both hexagonal α and cubic β phases. However, when compared with the substrate material ( Figure 9 (b)) the integrated peak area for the β phase was over three times that of the laser polished region, suggesting that the equilibrium phase fraction and full partitioning of vanadium and aluminium had not been achieved in the laser polished sample, owing to the shorter thermal exposure. In addition, further down in the HAZ small regions of transformed  were identified that contained exceptionally fine secondary α plates that had a more martensitic appearance ( Figure 10 ). This behaviour is consistent with the above interpretation, as the temperature reached by reheating from overlap of polishing passes would diminish with depth, leaving deeper regions less likely to be tempered by subsequent beam passes. 
Subsurface Micro-hardness Behaviour
As the LP surface region probably consisted of decomposed martensite, it was expected that the very fine α + β microstructure within the laser affected layer might increase the subsurface yield strength. The hardness level below a LP surface was thus mapped with depth using an equal-spaced 5 × 60 matrix of nano-indentation tests, with a step size of 5 m and the average results measured at each depth positon have been plotted in Figure 11 . This data suggests that there has only been a modest increase in the hardness of the LP surface layer by a maximum of about 15%, as a result of laser polishing. This relatively small increase has occurred because, unlike in steel, the martensite transformation in titanium does not result in as large a hardness increase [32] . In addition, although a slightly harder surface layer could potentially be an extra risk factor for the in-service life of a laser polished component this could be relatively easily rectified be a subsequent stress-relief heat treatment. As will be shown below ( §3.5), it would be sensible in any case to conduct a stress relief, or combine this with a HIPing, operation after laser polishing, because of the increase in subsurface residual stresses caused by the polishing process.
Figure 11
Hardness profile from the LP region to the AM base by nano-indentation.
Residual Stress Measurements
The strong possibility of undesirable residual stresses being generated by the laser polishing process was investigated by X-ray diffraction using the sin(2θ) method [37] . Figure 12 (a) compares residual stress depth profiles measured below a laser polished surface to that of the same surface prior to polishing from the original EBM sample. With the as-built sample, measurements were made in two perpendicular directions, parallel to the build direction and layer plane, respectively, but it can be noted that virtually no residual stresses were detected irrespective of the orientation. In comparison, after laser polishing a large near-surface tensile stress of 580 MPa was measured parallel to the scanning direction (0°) with a lower stress in the transverse direction of 325 MPa (90°). However, the surface stresses then rapidly reduced to zero at a depth of approximately 1 mm. It is not surprising that large tensile residual stresses are generated in a laser polishing process that involves surface heating a cold substrate with a small moving heat source [38] . This will naturally occur due to a compressive plastic misfit being formed by relaxation of the thermal stresses generated by the local volume expansion under the heat source, through melting and the low flow stress of the alloy at high temperatures. As cooling occurs, behind the moving heat source, this creates a tensile misfit that becomes more difficult to relax as the material becomes stronger with reducing temperature. It is also expected that the residual stresses will be larger parallel to the beam path owing to the elongated nature of the thermal field in the direction of travel of the heat source. Similar effects are typically seen in welding and have been widely reported [39] .
Encouragingly, following a conventional stress relief anneal under vacuum of 750 °C for 4 hours, the subsurface tensile residual stresses in the LP sample were found to relax to near zero, as shown in Figure 12 (b). Full relaxation of the subsurface residual stresses following heat treatment can be attributed to their shallow depth, which means there is a minimal triaxial (normal) component and their relaxation by dislocation creep will therefore be relatively rapid at elevated temperatures. Figure 12 Residual stress depth profiles below a vertical build surface obtained from (a) an EBM as-built sample and its laser polished equivalent and (b) a laser polished sample after a stress relief heat treatment.
X-Ray Tomography Results
Like other AM processes, EBM can give rise to defects such as gas and lack of fusion porosity, which tend to be concentrated at the edge of the hatch region [6] . With parts built with the Arcam machine, within the contour region the pore density is typically low, although sharp surface intrusions can be created between un-fused powder at the melt pool boundaries in the contour pass between added layers (e.g. Figure 1 (c)) [6] . It is therefore of interest to investigate whether the laser polishing process can reduce such severe stress concentrations by re-melting the surface. Figure 13 shows a high resolution X-ray tomography 3D reconstruction of a typical surface region taken from the laser polished sample. The result suggests that in the region analysed the re-melted layer had no surface connected cracks, or remaining intrusions; i.e. the highly damaging intrusion defects shown in Figure 1 (b) and (c) were fully eliminated and no new ones were introduced by the laser polishing process. The morphology and size distribution of the pores in both AM base and LP region are compared statistically in Figure 14 . Although it might be expected that re-melting the surface would cause a reduction in gas pores, by allowing a further opportunity for bubbles to escape from the melt pool, the morphology and geometric features of the gas porosity after laser polishing appeared comparable to that in the original AM base material in the same location ( Figure   14 ). Finally, as a note of caution it should be remembered that the contour pass already has a very low pore density in the EBM process [6] and this result is not fully conclusive as the small sample size used in this study necessary to achieve a high enough resolution (i.e. 1.2 µm voxel size) to detect small pores was not sufficient to be statistically reliable. However, SEM imaging over larger areas (e.g. Figure 3 (b)) provided more confidence in the results, in that for the optimum process conditions investigated no surface breaking defects were observed in any of the laser polished samples. 
Conclusions
It has been demonstrated that laser polishing can be successfully applied to EBM Ti6Al4V components and greatly reduces their high surface roughness. However, the laser polishing process can have a substantial effect on the near surface microstructure and residual stress state.
 Laser polishing reduced the surface roughness of an EBM component by over 75%, when measured at the mm scale, but achieved a roughness level of only Sa = 0.51 µm when measured at the micro-scale. This improvement is highly comparable with that of mechanically polished or machined surfaces. In addition, laser polishing also removes high stress concentrations arising from surface intrusions formed during the AM build, without loss of material.
 The thin (200 m deep) surface layer re-melted during laser polishing exhibited a different grain structure and a re-orientated texture relative to the AM substrate. In the re-melted layer columnar grains regrow epitaxially back from the substrate towards the melted surface, with a different preferred growth direction. This could be related to the change in orientation of the melt pool surface and beam scanning direction, relative to that in the original AM build.
 A HAZ was found to extend into the material to a depth of ~ 450 m. This consisted of an approximately 300 µm deep sub-surface layer that was fully  annealed, as well as a partially transformed transition layer. The fully transformed region probably underwent a martensitic transformation on cooling, followed by in-situ decomposition to a very fine α + β lamellae structure during subsequent beam passes. The partially transformed transition layer contained a diminishing volume fraction of secondary  and an increasing volume fraction of coarser primary alpha laths with depth.
 As a result of the much finer subsurface microstructure, there was a small increase in hardness to the same depth as the HAZ generated by laser polishing.
 With the parameters used in this study, laser polishing induced a high level (up to 580
MPa) of tensile residual stresses in the component's surface, which decayed rapidly with depth. However, the residual stresses could be fully relaxed relatively easily by performing a standard stress relief heat treatment.
 When processed under optimum conditions the laser polished layer was found to contain no surface cracks, or other flaws, but had a similar low gas pore population to the contour region of the AM base material.
